The development of high performance transparent conducting oxides (TCOs) is critical to many technologies from transparent electronics to solar cells. While n-type TCOs are present in many devices, current p-type TCOs are not largely commercialized as they exhibit much lower carrier mobilities, due to the large hole effective masses of most oxides. Here, we conduct a high-throughput computational search on thousands of binary and ternary oxides and identify several highly promising compounds displaying exceptionally low hole effective masses (up to an order of magnitude lower than state of the art p-type TCOs) as well as wide band gaps.
Transparent conducting oxides (TCOs) are compounds exhibiting high electrical conductivity and transparency to visible light. Those materials are needed in many applications from solar cells, where a TCO thin film provides electrical contact without impeding the flux of visible light reaching the device, to transparent transistors that could, for instance, be integrated in windows. [1] [2] [3] [4] [5] The main strategy to achieve the two antagonistic properties of high conductivity and transparency is to use wide band gap oxides (favoring transparency) doped with a significant amount of mobile charge carriers, either holes (ptype) or electrons (n-type). [6] n-TCOs (e.g., indium tin oxide, ITO) are already present in many modern devices but p-TCOs have not been largely commercialized as their carrier mobilities stand an order of magnitude behind their n-counterparts. This situation impedes many critical technological developments from more efficient organic and thin film solar cell designs, benefiting from a better band matching by using p-instead of n-TCOs, [7, 8] to the entire new field of transparent electronics which requires both p-and n-type TCO materials. [2, [9] [10] [11] [12] [13] There is a fundamental reason to the difficulty of developing high mobility p-type TCOs: the localized oxygen p nature of the valence band in most oxides makes those bands very flat and leads to large hole effective masses. [12, 13] [16, 17] or Cu-based oxychalcogenides. [18] To this day, the question remains open wether alternative chemistries and design rules could lead to materials with lower hole effective mass. Answering this question is critical for the p-type TCO field as it would enable the identification of the high hole mobility oxides that the TCO community has been looking for. Traditionally, design principles are developped by the rationalization of experimentally observed data. In this work, we take an alternative path using a database of high-throughput ab initio computed data containing electronic structure for thousands of binary and ternary oxides. [19] [20] [21] [22] By browsing this database, we identify the compounds and chemistries leading to low hole 2 effective masses. This enables us to uncover the underlying chemical reasons for low hole effective masses and to propose novel and unsuspected design rules for the development of p-type TCOs.
Results

Hole vs electron effective mass distribution in oxides
Our database contains density functional theory (DFT) band structures for 3052 oxides. All the oxides that we have studied are existing minerals, or already synthetized materials, whose experimentally measured crystalline structure has been taken from the ICSD database. [23] We have taken their first principles relaxed crystalline structure as available in the Materials Project Database, [24, 25] and computed their electronic structure (band gaps and effective masses) using state of the art methodologies, as described in the methods section and in supplementary information. Each ternary compound has one of the red, green or blue color associated with it and the resulting color is obtained by mixing them in proportion equivalent to the projections. The red color is always associated with oxygen. For the only binary B 6 O, we used red for oxygen and blue for boron.
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The presence of an additional anion is actually the second mechanism at play in our low effective mass candidates (i.e., ZrOS, HfOS and the oxypicnitides) and presented in Figure 3 . Here, the valence band keeps a p character but more delocalized orbitals such as 3p (for S 2-, P 3-) or 4p (As From this analysis, two novel design principles can be outlined to achieve low hole effective masses oxygen containing compounds: the use of (n- 
Methods
All the high-throughput DFT computations have been performed using the Vienna ab initio software package (VASP), [34] with PAW pseudopotentials [35] and the generalized gradient approximation (GGA) as implemented by Perdew, Burke and Ernzerhoff (PBE). [36] All ionic relaxations have been performed using AFLOW [37] and the highthroughput computations parameters are described in Jain et al. [25] We considered all compounds containing less than 100 atoms in the unit cell present in the Materials Project [24] Database originally from the Inorganic Crystal Structure Database (ICSD) and containing oxygen and no elements such as rare-earths (from Z=58, Ce to Z=71, Lu), inert gases, and any element with an atomic number larger than 84 (Po).
To perform the high-throughput band structure computations, we used the Materials Project structures (already relaxed with GGA) and performed a static run to obtain the charge density followed by a non-self-consistent band structure run along the band structure symmetry lines provided by Curtarolo et al. [20, 37] The full average effective mass tensor computation was performed on a regular gamma centered 8,000 k-points grid interpolated using the Boltztrap code. [38] In the one-shot GW approach, corrections are obtained perturbatively from a starting DFT electronic structure. GW and preparatory DFT calculations on the 20 target compounds are performed with the ABINIT code [39] at optimized geometries, obtained from the Materials Project database. The exchange correlation energy for the preparatory DFT computation is described using the local density approximation (LDA) functional. [40] The
Brillouin Zone in sampled with Monkhorst-Pack grids and the k-point sampling density is similar for all considered systems (> 450/n k-points where n is the number of atoms in the unit cell). For each oxide, the planewave cutoff is determined separately and set using a total energy difference convergence criterion, leading to electronic energies converged within 10 -3 eV on average. We use norm-conserving pseudopotentials to model the electron-ion interaction (see supplementary information). If any, we include semi-core d states as valence in the pseudopotential. The GW calculations are carried out using the the well established Godby-Needs plasmon pole approximation. [41] We use a cutoff of 20
Rydberg for the expansion of the dielectric matrix and a total number of ∼1300 bands for all oxides .
All analysis of the data (e.g., line effective mass computations or band structure plotting) was performed using the pymatgen python package. [42] 
